The temperature-dependent evolution of atomic vibrations in crystalline and amorphous InP has been studied using extended x-ray absorption fine-structure ͑EXAFS͒ spectroscopy. Measurements were performed at the In K edge for temperatures in the range of 20-295 K. In crystalline InP, the first nearest-neighbor ͑NN͒ EXAFS Debye-Waller factor, representative of the correlated mean-square relative displacement ͑MSRD͒ parallel to the bond direction, is considerably smaller than the uncorrelated mean-square displacement ͑MSD͒ determined from x-ray diffraction measurements. In contrast, the MSRD perpendicular to the bond direction agrees well with the MSD. This clearly demonstrates that vibrations of two neighboring atoms relative to each other are strongly reduced along the bond direction but are unhindered perpendicular to it, consistent with the wellknown behavior of III-V semiconductors where bond bending is energetically favored over bond stretching. With increasing interatomic distance, the correlation of atomic motion quickly vanishes as manifested by increased EXAFS Debye-Waller factors. For the third NN shell the value closely approaches the MSD demonstrating the nearly uncorrelated motion of atoms only three shells apart. In the amorphous phase, only information about the first NN shell is accessible although the latter is now comprised of both P and In atoms. The EXAFS Debye-Waller factors are significantly higher than in the crystalline phase but exhibit a very similar temperature dependence. This results from strongly increased structural disorder in the amorphous phase whereas the thermally induced disorder is very similar to that in crystalline InP. A correlated Einstein model was fitted to the Debye-Waller factors yielding Einstein temperatures that vary as functions of the vibrational phase difference and reduced mass of the atomic pair, and represent a measure of the strength and thermal evolution of the corresponding relative vibrations.
I. INTRODUCTION
The temperature dependence of atomic motion in a solid contains information about vibrational and thermal properties such as force constants and Einstein or Debye temperatures. In contrast to x-ray diffraction ͑XRD͒, extended x-ray absorption fine-structure ͑EXAFS͒ spectroscopy is sensitive to the correlated motion of neighboring atoms and thus yields valuable insight into the phase relation of these vibrations. Furthermore, by comparing XRD and EXAFS measurements one can distinguish between vibrations parallel or perpendicular to the bond direction. Such knowledge provides an experimental test for phonon eigenvectors obtained from dynamical models or ab initio calculations. 1, 2 Beni and Platzman, 3 and Sevillano et al. 4 performed pioneering works for vibrational studies using temperaturedependent EXAFS measurements. The authors point out the difference between the uncorrelated mean-square displacement ͑MSD͒ sampled by XRD measurements and the correlated mean-square relative displacement ͑MSRD͒ obtained from EXAFS. They develop correlated Debye and Einstein models which take into account such correlations and, hence, are suitable to describe the temperature evolution of the measured EXAFS signal. Beni and Platzman 3 also discuss the effect of anisotropic vibrations in Zn, which has a hexagonal crystal structure, and use different directional Debye temperatures to describe the relative atomic motion along the different crystallographic directions.
Since then much effort has been devoted to establishing a well-founded relationship between the experimental parameters measured by EXAFS, and physical properties such as Debye and Einstein temperatures, force constants, and thermal-expansion coefficients. 1, [5] [6] [7] [8] [9] [10] [11] Among the many systems studied are cubic metals, 2,7 monoelemental 8,12,13 and binary 14, 15 semiconductors, and AgI. 1, 16 In an ideal Debye crystal, vibrations are isotropic and the ratio ␥ of the MSRD perpendicular to the bond to the MSRD parallel to the bond is two since the former describes vibrations in a plane while the latter denotes vibrations along a line. Furthermore, the MSRDs of all coordination shells are described by the same Debye temperature. Fornasini et al. monoelemental metal with the face-centered-cubic structure, to be between two and three, and thus close to the isotropic value. The Debye temperatures of the first four coordination shells were very similar with only the value for the second shell ϳ10-15 % lower as compared to the others. Cu thus closely resembles a perfect Debye crystal. For Ge, a monoelemental semiconductor with the diamond structure, ␥ of the first NN shell increases from ϳ3 at 10 K to ϳ5 at 300 K. 8 Furthermore, the MSRD along the line connecting the absorber-backscatterer pair is much higher for the second and third NN shells than for the first NN shell with the corresponding Einstein temperatures differing by a factor of two. 13 The latter is also the case for GaAs, a binary semiconductor with the zinc-blende structure.
14 This strikingly different behavior compared to Cu is attributed to the presence of optical modes in non-Bravais lattices and demonstrates the different extent to which atomic motion is correlated in the various coordination shells. CdSe ͑Ref. 15͒ and AgI ͑Ref. 1͒, both with a wurtzite structure and more ionic bonding character, have a first NN ␥ of ϳ13 and ϳ10, respectively. AgI also shows strong effects of anharmonicity even at room temperature. 1 InP is both a technologically and scientifically interesting material. While it has the same crystal structure as GaAs, the two atomic constituents differ considerably relative to the materials discussed above: In has almost four times the mass of P, and approximately one and a half times the radius. Studying the vibrational properties of InP will thus complement the existing work, and will contribute to a better understanding of the mechanisms that lead to vibrational anisotropy and anharmonicity.
We have previously used EXAFS measurements at ϳ20 K to study the atomic-scale structure of InP amorphized by ion irradiation through either electronic or nuclear energy deposition. 17 Despite the fundamentally different energy-transfer mechanisms, no significant difference in the atomic structure was observed and a common process, namely, a quench from the melt, was considered responsible for amorphization in both energy regimes. In the present paper we report the results of temperature-dependent EXAFS measurements which reveal a striking anisotropy in the vibrational behavior of both crystalline ͑c-InP͒ and amorphous ͑a-InP͒ InP.
II. EXPERIMENTAL DETAILS
A powdered c-InP sample suitable for EXAFS transmission measurements was prepared by finely crushing a singlecrystal InP wafer and mixing with BN. The amorphous InP phase was produced by ion irradiation with either electronic or nuclear energy deposition. To separate the material of interest from the bulk, InP/ In 0.53 Ga 0.47 As/ InP heterostructures ͓2.75 m / 50 nm/ ͑100͒ substrate͔ were grown by metal organic chemical vapor deposition. For amorphization induced by electronic interaction ͓swift heavy-ion ͑SHI͒ sample͔ the material was irradiated at room temperature with 185 MeV Au ions to a fluence of 3 ϫ 10 13 cm −2 . The InP substrate and the In 0.53 Ga 0.47 As layer were then removed by selective chemical etching. For amorphization due to nuclear energy deposition ͓low energy ion ͑LEI͒ sample͔ the material was irradiated at liquid nitrogen temperature with five different energies of Se ions ranging from 80 keV to 7 MeV and a total fluence of 8.5ϫ 10 15 cm −2 . The InP substrate and the In 0.53 Ga 0.47 As layer were removed by the same chemical processing but prior to irradiation. The amorphized InP films for both samples were then finely crushed and mixed with BN. Details of the sample preparation are given in Ref. 17 .
EXAFS measurements of the In K edge ͑27.940 keV͒ were performed in transmission mode at beam line NW10A at the Photon Factory, Japan. Spectra were recorded at eight different temperatures ranging from 20 to 295 K. After the measurements, the SHI and LEI samples were annealed at 150°C for 1 h then remeasured. Such low-temperature annealing leads to structural relaxation with the aim of achieving the intrinsic amorphous phase governed by the minimum-energy configuration. 18, 19 III. DATA ANALYSIS
A. Theoretical background
The well-established cumulant expansion method 5 enables the analysis of EXAFS measurements for slightly to moderately disordered systems in terms of the cumulants of the interatomic distance distribution: the first cumulant ͑R EXAFS ͒ corresponds to the mean value, the second cumulant or Debye-Waller factor ͑ EXAFS 2 ͒ represents the standard deviation, and the third ͑C 3 ͒ and fourth ͑C 4 ͒ cumulants denote asymmetric and symmetric deviations from a Gaussian profile, respectively. Performing the analysis with the IFEFFIT approach ͑see Sec. III B͒ yields the cumulants of the real distance distribution and requires no corrections. 20 Nevertheless, EXAFS samples a one-dimensional distance distribution and care must be taken when comparing with threedimensional atomic motion. Relations between the atomic displacement vectors and the cumulants are derived in detail in Refs. 2, 7, 8, and 10. Since the EXAFS signal is the average over instantaneous interatomic distances, it is sensitive to the correlated motion of neighboring atoms. The EXAFS Debye-Waller factor, EXAFS 2 , thus represents the parallel MSRD ͑MSRD ʈ ͒, i.e., it is a measure for the vibrations of two atoms relative to each other along the bond direction for first NN atoms or along the line connecting the absorber-backscatterer pair for second and third NN atoms. 2, 7 If u 0 and u j are the displacement vectors of absorber and backscatterer, respectively, then the MSRD ʈ can be expressed as
where R denotes the unit vector along the line connecting the absorber-backscatterer pair ͑see, for example, Fig. 5 
.., where k 0 and k 3 are the harmonic and cubic force constants, respectively, the moments of the resulting distance distribution and their temperature dependence can be calculated ͑the pair-potential approach of Frenkel and Rehr, 6 and Yokoyama 9 ͒. While the second and third moments correspond to the EXAFS second and third cumulants, the first moment calculated within this framework does not represent the EXAFS first cumulant due to the fact that the one-dimensional model cannot take into account the effect of perpendicular vibrations.
2 Therefore, only the relations for EXAFS 2 and C 3 will be used. In addition to the temperature-dependent terms, static contributions will be included to account for different configurations of structural disorder present in the various samples. Keeping only the lowest-order terms, the following relations are obtained
Here T is the temperature, ប and k B denote Planck's constant divided by 2 and Boltzmann's constant, respectively, represents the reduced mass for the atomic pair, and E ʈ stands for the Einstein temperature with E ʈ = ប ʈ / k B . The Einstein frequency ʈ is related to the harmonic force constant by k 0,ʈ = ʈ 2 . static,ʈ 2 and C 3,static denote the static contributions which arise due to structural disorder. Equation ͑1͒ is also derived by Vaccari and Fornasini 11 using a three-dimensional approach for describing the MSRDs and approximating the phonon spectrum with a delta function at ʈ . Furthermore, they give a relation for the MSRD Ќ which only differs from Eq. ͑3͒ by a factor of two:
͑5͒
As the authors point out, there is no a priori reason why E ʈ and E Ќ should be the same. For an isotropic crystal, however, one can assume that E ʈ = E Ќ and the ratio ␥ = MSRD Ќ / MSRD ʈ equals two.
B. Fitting procedure
The data were processed using the IFEFFIT code 21 and the corresponding user interface ATHENA. 22 After background removal, a Fourier transformation ͑FT͒ was performed over the photoelectron wave-number ͑k͒ range of k = 2 -13. 17 Interestingly, while the signal of the first peak in Fig. 1͑b͒ ͑corresponding to first NN P atoms͒ is reduced by about 20% upon increasing the temperature from 20 to 295 K, the second ͑In͒ and third ͑P͒ NN peaks almost vanish. This clearly indicates a different thermal behavior for the different NN shells. For a-InP ͓Fig. 2͑b͔͒, only scattering from the first NN shell can be observed due to the increased disorder present in the amorphous phase. However, this shell is now comprised of both P and In atoms as apparent from the double-peak structure of the spectrum: scattering due to In-P and In-In pairs appears at R ϳ 2.1 Å and R ϳ 2.6 Å, respectively. 17 Increasing the measurement temperature leads to a decrease in the scatter- ing signal for both contributions with the drop for In-P being similar to that observed for c-InP.
The spectra were fitted in radial space with multiple k weights =2,3,4 over a range of R = 1.5-4.9 Å using the IFEFFIT code 21 and the corresponding user interface ARTEMIS. 22 Scattering amplitudes and phase shifts were calculated ab initio with FEFF8 ͑Ref. 23͒ while the amplitude reduction factor ͑S 0 2 ͒ and the threshold energy ͑E 0 ͒ were determined from the crystalline sample, and then fixed throughout the analysis. 24 For c-InP, the following parameters were determined from the fit for each of the measured temperatures: R EXAFS , EXAFS 2 , and C 3 for the first NN P and the second NN In paths while for the third NN P contribution only R EXAFS and EXAFS 2 were floated. Due to the small signal and the overlap with the second NN peak, no temperature dependence could be extracted for the third NN C 3 and it was hence fixed to zero. The ͓In-In-P͔ multiple-scattering ͑MS͒ path was also included with its distance restrained by the distances of the first and second NN paths
/ 2͒, and the Debye-Waller factor set equal to that of the second NN ͑ EXAFS 2͑MS͒ = EXAFS 2͑2͒ ͒. Tests were also performed with EXAFS 2͑MS͒ = EXAFS 2͑2͒ / 2 and without including the MS path altogether corresponding to the two extreme cases of heavily overestimating or underestimating the influence of the MS path, respectively. None of the choices of how to treat the third NN path or the MS path had a significant influence on the first NN parameters or on the Debye-Waller factors of the higher shells. It did, however, strongly influence the second and third NN distances as well as C 3 ͑2͒ and, thus, care has to be taken when interpreting these parameters. Furthermore, including a C 4 for the first NN path yielded values that were zero within uncertainty. Including C 4 's for the higher shells will not result in physically meaningful values given the number of free parameters already present. Hence, fourth order cumulants were not further considered in the fitting procedure.
For a-InP, the coordination numbers for first NN P and In atoms were fixed to the values previously obtained for the as-irradiated and relaxed SHI and LEI samples. 17 During the fit at each temperature, separate R EXAFS and EXAFS 2 were floated for both contributions while a C 3 was only included for In-P. Given the comparatively weak In-In signal compounded by overlap with the In-P peak, no temperature dependence could be rightfully extracted for an In-In C 3 . However, in amorphous materials a positive C 3 is to be expected even at low temperatures. Thus for consistency a constant C 3 was included for In-In, determined from the 20 K spectrum and then fixed for all other temperatures. Fits are shown in Figs. 3 and 4 for c-InP and a-InP ͑SHI relaxed͒, respectively, together with the back-transformed experimental data. Clearly, fit and data are in excellent agreement for all temperatures. The fits for the other three a-InP samples ͑not shown͒ were of similar quality.
To minimize the number of free parameters, we did not include C 3 's in our previous study. 17 Having now fixed the coordination numbers herein, we reintroduce C 3 's with the knowledge that these amplitude-and phase-dependent pa- rameters ͑coordination number and C 3 , respectively͒ are not strongly correlated. The inclusion of C 3 's can, however, influence the other phase-dependent parameter ͑the interatomic distance͒, and thus Table I In no way do such differences alter our previous conclusion that there is no significant difference in the atomic structure of SHI and LEI a-InP samples.
IV. RESULTS AND DISCUSSION
A. Crystalline InP Figure 5 shows the temperature dependence of all fitting parameters determined for c-InP. The Debye-Waller factor EXAFS 2 ͓Fig. 5͑a͔͒ increases with both temperature and distance of the absorber-backscatterer pair. Strikingly, the values for the second and third NN shells are significantly higher than the first NN ones, reflecting differences in the thermally induced amplitude reduction for these shells. Similar behavior has been observed for Ge, 13 GaAs, 14 First NN In-P First NN In-In ⌬R EXAFS ͓R EXAFS ͑T͒ − R EXAFS ͑T =0 K͔͒ and C 3 for the first NN P slightly increase with temperature. For the second NN In, they both increase with temperature more rapidly than the first NN values for all fitting protocols. 25 The nearly constant ⌬R EXAFS for third NN P is not physically meaningful without including a temperature-dependent C 3 . We contend that our choice of not including a C 3 for the third NN shell altogether ͑rather than having a constant nonzero value͒ is justified given that C 3 is approximately zero at low temperature for both first and second NNs. Figure 6͑a͒ shows the first NN distance determined from EXAFS, R EXAFS , and the corresponding values obtained from XRD measurements, 26 R C , as a function of temperature T. Two observations are readily apparent: ͑i͒ R EXAFS is larger than R C at all temperatures and ͑ii͒ the difference increases with increasing temperature. As noted in Sec. III A, this difference results from vibrations perpendicular to the bond direction. The increase in R C with temperature is caused only by the anharmonicity of the crystal potential while the increase in R EXAFS is also due to the increase in vibrational motion at higher temperatures. Figure 6͑b͒ plots for first NN P the MSRD Ќ determined from the values shown in Fig. 6͑a͒ together with the MSRD ʈ = EXAFS 2 . The MSRD Ќ is larger than the MSRD ʈ and increases more rapidly with temperature. The ratio ␥ = MSRD Ќ / MSRD ʈ , plotted in Fig. 6͑c͒ , is close to the isotropic value of two at low temperatures, increasing to approximately ten at room temperature. This value is significantly higher than that of ϳ5 reported for Ge ͑Ref. 8͒ but very similar to the values of ϳ13 and ϳ10 determined for CdSe ͑Ref. 15͒ and AgI ͑Ref. 1͒, respectively. One can therefore distinguish three groups: ͑i͒ Cu ͑Ref. 2͒ with ␥ close to the isotropic value of two, ͑ii͒ Ge which already exhibits vibrational anisotropy, and ͑iii͒ InP, CdSe, and AgI with the highest values of ␥. The latter three materials behave similarly despite their different crystal structures, and different ratios of mass and electronegativity of their atomic constituents. Significant vibrational anisotropy is thus present in the materials studied with a non-Bravais lattice structure. Furthermore, it is more pronounced for the binaries compared to monoelemental Ge.
As noted by Fornasini et al., 2 the main contribution to the third cumulant C 3 comes from the anharmonicity of the crystal potential. InP, CdSe ͑Ref. 15͒, and Cu ͑Ref. 2͒ all show very similar values for C 3 ranging from 9 to 15ϫ 10 −5 Å 3 at room temperature. For Ge, a slightly lower value of 3 ϫ 10 −5 Å 3 has been reported. 8, 20 In contrast, AgI exhibits much greater anharmonicity, with C 3 ϳ 80ϫ 10 30 recently computed and parametrized the MSD temperature dependence for group IV, III-V, and II-VI semiconductors. The values are shown in Figs. 7͑a͒ and 7͑b͒ for In-P and In-In pairs, respectively. Also plotted are the first NN MSRD ʈ and MSRD Ќ / 2, and the third NN MSRD ʈ in panel ͑a͒. The second NN MSRD ʈ is shown in panel ͑b͒. Since all MSDs and MSRD ʈ s represent atomic motion along a line, the factor of one half must be used for the MSRD Ќ ͑which describes atomic motion in a plane͒ when comparing one another.
Considering the first NN shell ͓Fig. 7͑a͔͒, it is now evident that the MSRD ʈ is much smaller than the MSD while the MSRD Ќ / 2 is very similar. The MSD values reported by Schowalter et al. 30 were calculated based on the assumption that thermal vibrations of individual atoms are isotropic. The sum of the first two terms in Eq. ͑1͒ thus corresponds to the MSD, and a smaller MSRD ʈ is only possible if the absorber and backscatterer vibrations along the bond direction are at least partially in phase resulting in a positive displacement correlation function ͓third term in Eq. ͑1͔͒. Following Sanson et al., 31 the MSRD ʈ for the extreme case of vibrations perfectly in phase has been calculated using the MSD values by Schowalter et al. 30 and amounts to 0.04ϫ 10 −3 Å 2 at 295 K. This value is significantly smaller than the measured MSRD ʈ = 4.3Ϯ 0.2ϫ 10 −3 Å 2 . The difference between MSD and MSRD ʈ values is thus consistent with a strong ͑but not complete͒ in-phase motion of the neighboring atoms along the bond direction. In contrast, the similarity between MSD and MSRD Ќ / 2 indicates that the vibrations perpendicular to the bond direction are uncorrelated since the last term in Eq. ͑1͒ has to vanish. This behavior is further illustrated by the Einstein temperatures E given in Table II that were obtained from best fits of the data with Einstein models ͑1͒ and ͑3͒ ͓see Sec. III A and Figs. 5-7͔. While relative vibrations parallel to the bond direction are characterized by E ʈ ͑1͒ = 392Ϯ 8 K, the value for relative vibrations perpendicular is E Ќ ͑1͒ = 160Ϯ 20 K in good agreement with E = 174Ϯ 2 K for the MSD. To our knowledge, no direct measurement of the Einstein temperature for InP has been reported. Debye temperatures published in the literature range from 210 to 440 K depending on the temperature and method of determination. 32, 33 Einstein temperatures reported for the EXAFS first NN MSRD ʈ of Ge range from 350 to 360 K ͑Refs. 8, 13, and 20͒ while that for GaAs is E ʈ ͑1͒ = 360Ϯ 20 K. 14 Although the significant difference between relative vibrations parallel and perpendicular to the bond direction may at first seem surprising, it is entirely consistent with the wellknown behavior of III-V semiconductor ternary alloys where the lattice mismatch of the binary compounds is accommodated primarily by bond angle relaxation and to a much lesser extent by bond-length relaxation ͑see Ref. 34 and references therein͒. Bond bending is thus energetically much more favorable than bond stretching. Since relative vibrations parallel to the bond require bond stretching whereas relative vibrations perpendicular to the bond mainly involve bond bending, the observed vibrational anisotropy can be easily understood.
Many of the models that describe the structural distortions in ternary alloys use the Keating potential 35 which consists of bond-stretching and bond-bending terms. The corresponding force constants ␣ and ␤ are deduced from fitting experimental bulk moduli and elastic constants. 36, 37 Considering only the bond stretching term for a single bond and comparing the coefficient of the harmonic contribution with the potential given in Sec. III A, it follows that k 0,ʈ ͑1͒ =3␣. Our value of k 0,ʈ ͑1͒ = 107Ϯ 4 N m −1 indeed agrees reasonably well with the values of 3␣ = 129 N m −1 and 3␣ = 121 N m −1 reported by Martin, 36 and Chen and Sher, 37 respectively. Furthermore, the ratio of parallel to perpendicular force constants determined herein, k 0,ʈ ͑1͒ / k 0,Ќ ͑1͒ ϳ 6, agrees well with the ratio of bond-stretching to bond-bending force constants, ␣ / ␤ ϳ 7 and ␣ / ␤ ϳ 6, reported in Refs. 36 and 37, respectively. The strong vibrational anisotropy observed for InP in this study is clearly related to the difference in energy required for bond bending and bond stretching in III-V semiconductors with the zinc-blende structure.
Comparing the MSRD ʈ of the first three NN shells with the corresponding MSDs ͓Fig. 7͑a͒ for In-P pairs and Fig.  7͑b͒ for In-In pairs͔, we observe the following: ͑i͒ the first NN MSRD ʈ is significantly smaller than MSD In+P due to a strong correlation of the first NN atomic motion as discussed above. ͑ii͒ The second NN MSRD ʈ is considerably larger than that of the first NN but still significantly lower than MSD In+In whereas ͑iii͒ the third NN MSRD ʈ approaches the MSD In+P values. The degree of correlation governing the atomic motion thus decreases rapidly with increasing distance between the absorber-backscatterer pair. Correspondingly, the difference between the Einstein temperatures for MSRD ʈ and MSD decreases with increasing scattering distance. A similar observation was reported for GaAs where the third NN MSRD ʈ agrees well with the corresponding MSD. 14 Note that for GaAs the Einstein temperatures decrease continually with increasing NN distance while for InP the second NN value is smaller than that of the third NN, E ʈ ͑2͒ = 143Ϯ 5 Ͻ E ʈ ͑3͒ = 200Ϯ 10, due to the large difference in reduced mass for In-P and In-In pairs ͑negligible for GaAs͒.
The decrease in correlated motion for the higher shells is consistent with the lack of physical bonds between the absorber and second or third NNs. A change in first NN distance requires energetically unfavorable bond stretching. In contrast, a change in second or third NN distance can be achieved by bond bending at the bridging atom without changing first NN bond lengths. Additional bridging atoms thus make it more likely that energetically favored bond bending will lead to a change in the corresponding higher NN distance. Hence, the correlation of vibrations along the absorber-backscatterer line strongly decreases for the higher shells and already approaches the MSD for the third NN shell ͑two bridging atoms͒.
B. Amorphous InP
In contrast to the crystalline phase of InP which comprises only heteropolar bonds ͑In-P͒, the amorphous phase contains both heteropolar and homopolar bonds ͑In-P and In-In around In atoms, respectively͒. Figures 8 and 9 show the temperature dependence of the structural parameters determined for first NN P and In atoms, respectively. Values are given for the as-irradiated and relaxed SHI and LEI samples. For the P contribution ͑Fig. 8͒, the parameters of c-InP are also included for comparison. Table III summarizes the parameters obtained from the corresponding best fits using Eqs. ͑1͒ and ͑2͒. The EXAFS Debye-Waller factor for the first NN In-P pairs ͓Fig. 8͑a͔͒ for all amorphous samples is much higher than the crystalline values but with a similar temperature dependence. EXAFS 2 for the LEI and SHI samples are very similar with the values of the relaxed phase slightly lower than those of the as-irradiated state. This behavior is reflected by the parameters determined from the Einstein fits: E ʈ ͑In−P͒ ϳ 390 K for c-InP, ϳ370 K for as-irradiated a-InP, and ϳ380 K for relaxed a-InP. A slightly lower Einstein temperature of the amorphous phase compared to that of the crystalline phase has also been reported for Ge ͑330Ϯ 10 K and 360Ϯ 10 K, respectively͒ ͑Ref. 13͒ and is consistent with slightly looser or floppier bonds in the amorphous material. The static contribution is zero for c-InP whereas static,ʈ 2͑In−P͒ ϳ 3 ϫ 10 −3 Å 2 for a-InP. Hence, thermally induced disorder is very similar for c-InP and a-InP while structural disorder is clearly much higher in the amorphous phase.
The other In-P parameters yield similar findings ͓Figs. 8͑b͒ and 8͑c͒, respectively͔: ͑i͒ ⌬R EXAFS values are very similar for all amorphous samples ͑with the relaxed values slightly lower than those for the as-irradiated samples͒ but significantly higher than the crystalline values. The latter is typical for semiconductors 38, 39 and is consistent with sampling more anharmonicity of the interaction potential due to increased disorder in the amorphous phase. For both a-InP and c-InP, the temperature dependence of ⌬R EXAFS is slight. ͑ii͒ C 3 values of all a-InP samples are very similar and significantly higher than that of c-InP. Nevertheless, both phases show approximately the same temperature dependence as confirmed by the k 3 values given in Table III values in as-irradiated and relaxed states, and are slightly higher for the SHI sample as addressed in our previous low-temperature study. 17 The first NN In-In distances are similar and appear roughly constant with temperature for all amorphous samples although the temperature evolution of ⌬R EXAFS is not physically meaningful without a temperature-dependent C 3 included in the fit. The C 3 values determined for the four a-InP samples at T = 20 K agree within experimental uncertainty ͓see Table I͔. Comparing the Einstein temperatures E ʈ of the amorphous samples with those of c-InP MSD and MSRD ʈ is instructive. Despite the subtle differences of the E ʈ values given for In-P in Table III and discussed above, they are much closer to each other ͑ϳ370-390 K͒ than to the value obtained from MSD In+P ͑ϳ170 K͒. Similarly, E ʈ for the first NN In-In pairs of the amorphous samples is much higher than the value for MSD In+In ͑ϳ260 K compared to ϳ110 K, respectively͒. If we assume the MSDs for both phases are of a similar order, then vibrations of first NN atoms along the bond direction in the amorphous material must be correlated in a manner similar to that observed for c-InP with a strong ͑but not complete͒ in-phase motion of the neighboring atoms.
Thus, comparing crystalline and amorphous phases, two main conclusions can be drawn: ͑i͒ the thermal behavior ͑i.e., E ʈ , k 3 ͒ is similar for a-InP and c-InP whereas the structural disorder ͑i.e., static,ʈ 2 , C 3,static ͒ is much higher in the amorphous phase than in the crystalline one. ͑ii͒ Relative motion of first NN atoms parallel to the bond direction is reduced by a similar amount for a-InP and c-InP when compared to the crystalline MSD. We suggest that the bonding character and hence the interaction potential is similar for the two phases consistent with the observed thermal and vibrational behavior since atomic motion is determined by the energy required to stretch and bend these bonds.
V. CONCLUSION
The structural parameters of crystalline and amorphous InP have been determined by EXAFS measurements over a temperature range of 20-295 K. EXAFS is sensitive to the correlated motion of the atoms and thus yields valuable insight into the phase relation of the atomic vibrations. Furthermore, by comparing XRD and EXAFS measurements one can distinguish between vibrations parallel and perpendicular to the bond direction. For c-InP, a strong vibrational anisotropy is observed where relative vibrations parallel to the bond are significantly smaller than the uncorrelated MSD determined by XRD while relative vibrations perpendicular to the bond are very similar. This is consistent with a strong ͑but not complete͒ in-phase motion of the neighboring atoms along the bond direction and mostly uncorrelated vibrations perpendicular to it. Such behavior can be understood by considering the energy required for the two types of motion: relative vibrations along the bond require bond stretching while relative vibrations perpendicular to the bond mainly change the bond angle and thus involve bond bending. For III-V semiconductors with the zinc-blende structure, bond bending is energetically favored over bond stretching with the ratio of the corresponding force constants being ϳ1 / 6. A similar factor is obtained in the present study when comparing the force constants for relative vibrations perpendicular and parallel to the bond direction. The correlation of vibrations along the line of absorber-backscatterer pairs strongly decreases for the higher NN shells due to the fact that changes in the bond angles do alter the higher NN distances even if the first NN bond length remains unchanged. For the third NN shell, the amplitude of relative vibrations along the line of the two atoms already approaches the uncorrelated MSD. For a-InP, a strong increase in structural disorder is observed compared to c-InP; however, the temperature- 25 Relating the relative increase ⌬R EXAFS / R EXAFS of the first and second shells to each other or to the relative lattice expansion, ͑R C − R 0 ͒ / R 0 , is far from trivial since R EXAFS depends on the crystallographic distance R C and on the relative vibrations perpendicular to the line connecting absorber-backscatterer pair ͑R EXAFS = R C + MSRD Ќ / 2R 0 ͒. The relative lattice expansion, ͑R C − R 0 ͒ / R 0 , is the same for all coordination shells. In contrast, the MSRD Ќ may be different for first and second NN shells due to a different correlation in the absorber-backscatter motion, as is indeed observed for MSRD ʈ = EXAFS 2 ͓see Fig. 5͑a͔͒ . In fact, we have exploited this very difference between R EXAFS and R C to obtain information about the MSRD Ќ for the first NN shell ͑see Figs. 6 and 7͒. Given the strong correlation between R EXAFS
